Endoreduplication, a modified cell cycle that allows cells to increase ploidy without subsequent cell division, is a key component of plant growth and development. In this work, we show that some, but not all, of the endoreduplication of Arabidopsis thaliana is mediated by the expression of a WD40 gene, FIZZY-RELATED2 (FZR2).
INTRODUCTION
A key element of plant morphogenesis is the balance among cell proliferation, expansion, and differentiation to produce organs of the characteristic sizes and shapes. At the heart of plant morphogenesis is the cell vs. organism debate. On one hand, the cell theory postulates that the cells of a multicellular organism behave autonomously, and the sum of their activities results in the morphology of that organism (Schwann, 1839) . On the other hand, the organismal theory postulates that morphology is governed by a genetic mechanism separate from the behavior of individual cells (Kaplan and Hagemann, 1991) .
Regardless of perspective, it is clear that the plant program of cell growth and proliferation is dynamic and responsive, i.e., perturbations in one factor can be compensated by modifications in the other (Day and Lawrence, 2000; Mizukami, 2001 ).
For example, forcing a decrease in leaf cell number by overexpressing the cell cycle regulator KRP2 results in an increase in cell volume (De Veylder et al., 2001) . Conversely, an increase in cell volume caused by the overexpression of ABP1 leads to a decrease in cell number (Jones et al., 1998) . This compensation mechanism has been incorporated into a hybrid cell/organismal theory called "neo-cell theory" (Tsukaya, 2003) . The nature of this compensation mechanism is unclear, although it likely involves cellular reaction to organ-level positional information.
During the development of many plants, certain cell types undergo extensive endoreduplication, a modified cell cycle that results in DNA replication without subsequent mitosis. In leaves of Arabidopsis thaliana (L.) Heynh., several rounds of endoreduplication occur in trichomes and in most epidermal pavement cells, while guard cells remain diploid (Melaragno et al., 1993) . In the last decade, extensive research has looked at the trichome as a model to unravel the mechanism controlling endoreduplication.
During trichome development, four rounds of endoreduplication regularly take place, although variation exists (Melaragno et al., 1993) . Some Arabidopsis mutants show concomitant changes in trichome ploidy and branch number, supporting a role of endoreduplication in the control of branch number (Hülskamp et al., 1994; Perazza et al., 1999; Downes et al., 2003) . Branching changes are not always tied to endoploidy changes, however; for example, plants with loss-of-function alleles or overexpression of STICHEL 6 The plant homologs of FZR were first implicated in endoreduplication in root nodules of Medicago sativa (L.), and antisense expression of the Medicago truncatula (Gaertn.) Cell-cycle Switch 52 A and B (Ccs52A and Ccs52B), orthologs of FZR led to reduced endoreduplication in that species (Cebolla et al., 1999) . In Arabidopsis, three FZR homologs exist, and in cell cultures, FZR1 and FZR2 showed similar high expression in G1 and S phases of the cell cycle, while FZR3 expression increased at the end of G2 and beginning of M. All three FZR proteins associated to free and CDK-bound A-and B-type cyclins (Fülöp et al., 2005) . Although the FZR genes are known to be expressed in all major tissues (Beemster et al., 2005) , the normal developmental function of the FZR family has not yet been determined in Arabidopsis.
In this study, we examined the developmental roles of one of the Arabidopsis FZR homologs, FZR2. We found that FZR2 expression is necessary for correct cell expansion and endoreduplication, and its missexpression is sufficient to induce extra or ectopic endoreduplication and cell expansion. We gathered empirical data that address the putative compensation mechanism balancing cell proliferation with cell expansion.
RESULTS

FZR genes are expressed ubiquitously in Arabidopsis thaliana
In our analysis of FZR function, we investigated the expression of these genes using Genevestigator (www.genevestigator.ethz.ch/) . This revealed that they are relatively highly expressed in all organs throughout the life cycle (Fig. 1A) . Other Genevestigator data indicated that FZR2 tends to be upregulated when the plants are treated with brassinolide or cytokinins, and downregulated by treatment with abscisic acid or auxin.
We confirmed FZR2 expression in seedlings, flowers, leaves, and roots by semi-quantitative RT-PCR (Fig. 1B) . We also assayed expression of FZR1, FZR2, and FZR3 expression during leaf development by quantitative real-time RT-PCR (qRT-PCR) (Fig. 1C) , and these data show relatively steady expression of FZR1 and FZR2 after peaks of expression at 2 to 5 days. Also in agreement with the Genevestigator summary, FZR3 was highly expressed in 3 and 5 day-old leaves. Subsequently, FZR3 expression dropped below relative levels of FZR1 and FZR2 expression. 
fzr2-1 leaf cells undergo fewer endoreduplication cycles and attain smaller sizes
To investigate the function of FZR genes in plant development, we obtained two T-DNA insertion mutants for FZR2 from the SALK collection. The fzr2-1 (SALK_083656) and fzr2-2 (SALK_101689) lines carry insertions in the fourth exon and the second intron, respectively ( Fig. 2A ). Insertions were confirmed by sequencing.
RT-PCR analysis showed that both alleles of fzr2 fail to produce full-length transcript, although mRNA segments upstream and downstream to the insertion were still detected (Fig. 2B) . In both homozygous mutants, soil growth behavior and general morphology appeared wildtype ( Fig. 2C ; data not shown). However, both homozygous mutants produced a similar trichome phenotype, i.e., a general reduction in trichome branch number ( Fig. 2D-F) . Wildtype Col-0 leaves exhibit a prevalence of 3-branch and 4-branch trichomes, whereas the mutant leaves never show 4-branch trichomes but show mostly 2-branch trichomes ( Fig. 2D-F ; data not shown). For both fzr2-1 and wildtype, larger nuclei were associated with higher trichome branch numbers ( Fig. 2G-J ). Both fzr2-1 and fzr2-2 displayed reductions in trichome branch number, and fzr2-1 was used for further analysis due to its exon-bound T-DNA. By in situ quantification of nuclear content, we determined that fzr2-1 leaves produce trichomes with a general 2-fold reduction in ploidy compared to wildtype (Fig. 2K) . From these data, we conclude that fzr2-1 trichome nuclei undergo fewer rounds of endoreduplication than wildtype.
We examined leaf cells to further investigate the effect of fzr2 mutations on cell size and ploidy level. A comparison of the adaxial external surface areas of wildtype and fzr2-1 epidermal pavement cells showed a statistically significant decrease in fzr2-1 cell size relative to wildtype (Student's T-test: p < 0.001) (Fig. 3A-C) . Furthermore, flow cytometry of PI-stained nuclei released from whole leaf tissue revealed a general decrease in fzr2-1 endoreduplication compared to wildtype flow cytometry profiles (Fig.   3D ,E). The fzr2-1 leaves showed a much smaller percentage of 16C nuclei, suggesting that non-trichome leaf cells are also less able to undergo this later round of endoreduplication when FZR2 expression is disrupted. Taken together, the data are consistent with the reduction in cell size and ploidy seen in the trichomes. 
Misexpression of FZR2 is sufficient to drive endoreduplication
While FZR2 function is necessary for endoreduplication in some leaf cells, it was unclear whether its expression is sufficient to drive endoreduplication. Expression of the FZR2 cDNA with the constitutive cauliflower mosaic virus 35S promoter (denoted OE) resulted in three phenotypic classes (Fig. 4A) , each showing increased FZR2 transcript levels in developing leaves by qRT-PCR (Fig. 4B) . Although development of these transgenic plants appeared normal during the first few days after germination, they produced trichomes with supernumerary branches and enlarged nuclei, and the size of a trichome nucleus was positively associated with its branch number (Fig. 4C-G (Fig. 4A ).
All three OE classes also showed an increase in the size of some guard cells, with about 16% readily identifiable as larger (s.d. 9%, n = 10 leaves) ( Fig. 5C-F) .
Root development was dramatically altered in the OE plants (Fig. 5G) , although the severity of defects varied among the phenotypic classes. OE I plants showed the most severe deformations in root architecture, being thicker and composed of larger cells than wildtype (Fig. 5J,M) . The overall shape of the OE I root was still cylindrical, but the characteristic cell layers were not fully conserved. In comparison, OE II and OE III roots were moderately and mildly disrupted, respectively, with less extreme increases in root width and cell sizes (Fig. 5I,L) . The increases in root cell sizes correlated with increases in nuclear sizes (Fig. 5N-Q) . The nuclear size increases were statistically significant (p < 0.05) when comparing either OE I or OE III to wildtype using Student's T-test (Fig. 5Q) . 
FZR2 expression is sufficient to drive endoreduplication in diploid petal tissue
The 35S::FZR2 misexpression experiments showed that more FZR2 activity led to extra endoreduplication. However, this endoreduplication resulted in tissue defects that hindered the plant's general growth, resulting in dwarfism in the lines that misexpressed FZR2 highly (i.e., OE I and II). For example, a loss of root tissue function is likely to result from the tissue disorganization seen in OE I roots (Fig. 5J ,M), leading to secondary defects due to the perturbation of nutrient and water uptake for the rest of the plant. This complicated the interpretation of FZR2 function in plant development. To circumvent these types of secondary defects, we used a tissue-specific promoter to limit the extra function. We also wished to address whether FZR2 misexpression could drive endoreduplication in cells that normally lack it entirely. The cone cells of Arabidopsis petals do not undergo endoreduplication (Hase et al., 2005) and show nearly uniform shape and size in fully developed petal tissue ( using the APETELA3 promoter (AP3). The AP3 promoter drives expression in flower buds shortly after the sepals emerge at stage 3 in a zone of cells that will give rise to the petal and stamen primordia (Smyth et al., 1990; Jack et al., 1992) . Expression continues in the petals and stamens as they develop, until the time of fertilization (Jack et al., 1992; Hill et al. 1998 ).
AP3::FZR2 lines showed an increase in cell size in both stamens and petals, and this cell-size increase was matched by nuclear size increase ( Another interesting phenotype involved the shapes of the nuclei themselves.
Previous work suggests that increased nuclear content often corresponds with increased spatial separation of chromatin within plant nuclei (Kato and Lam, 2003) . Indeed, nuclei seemed to keep roughly spherical shapes and uniform DNA distribution at lower ploidies, when examined using DAPI and epifluorescence microscopy (e.g., wildtype root nuclei, Fig. 5N ). At higher ploidies, however, we observed nuclei in ellipsoid and spindle shapes ( Fig. 5O,P) . We further observed that the larger OE trichomes possessed nuclei that seemed to have spread out even more (Fig. 4D-G) . Brighter DAPI-stained DNA was seen in punctate bunches at various locations, possibly at heterochromatic regions (e.g., Fig.   4G ). Moreover, a positive relationship was noted among trichome branch number, nuclear size, and degree of chromatin separation (Fig. 4D-G) . 
FZR2 expression is necessary and sufficient for some endoreduplication in
Arabidopsis thaliana
This article demonstrates that loss of FZR2 function in the fzr2 mutants led to reduced endoreduplication in trichomes along with decreased trichome branching. Although truncated FZR2 mRNA fragments remain and could produce truncated proteins, we do not expect this to contribute to the phenotypes since heterozytotes appear wildtype.
Similar correlations between branching and ploidy have been observed in other 2-branch trichome mutants (Hülskamp et al., 1994; Perazza et al., 1999) . Likewise, there was an overall decrease in the ploidy levels of fzr2-1 leaf cells. Flow cytometric analysis of fzr2-1 leaves indicated that the mutants were unhindered in undergoing up to two endocycles in this tissue, but endoreduplication past the 8C level was greatly reduced. As such, we conclude that FZR2 is a factor controlling the induction of early rounds of endoreduplication. The remaining rounds of endoreduplication may be mediated by the other two FZR family homologs, FZR1 and FZR3, since all of these genes are expressed in the same tissues in leaves, although to different degrees (Fig. 1A-C) . It should, however, be cautioned that FZR3 probably differs in time of expression during the cell cycle (Tarayre et al., 2004; Fülöp et al., 2005) . Furthermore, FZR2 may have other functions, separate from its role in endoreduplication, since it is expressed in non-endocycling tissues as well (Beemster et al., 2005) . That FZR2 can induce endoreduplication is also supported by the observation that its misexpression caused an increase in nuclear and cell sizes in both root and leaf tissues, and promoted endoreduplication and cell expansion in petal tissues that do not normally undergo these processes.
Cell sizes, organ sizes, and the compensation mechanism
Despite the absence of most 16C and 32C cells, the leaves in the loss-of-function mutants were indistinguishable from wildtype at the organ level. Since the leaves lacked most of the large 16C cells, they must have consisted of smaller but more numerous cells; this was evident in the external surface area measurements of the epidermal cells ( due to extra proliferation and endoreduplication from 2C cells, or whether the 4C and 8C cells were also capable of dividing. The volume was not accounted for by extra 2C cells alone, however, since the 4C and 8C cells increased in proportion in our flow cytometric analyses, while the 2C cells did not (Fig. 3D,E) . Endoreduplication is generally thought to preclude subsequent cell division (Sugimoto-Shirasu and Roberts, 2003) , although there is evidence that endoreduplicated trichome socket cells can reenter mitosis under certain conditions (Weinl et al., 2005) . If endoreduplicated leaf cells were becoming mitotically active in response to a reduced size, we might expect the trichomes to have been able to reach a wildtype size and shape, but as a multicellular form, as documented previously in the siamese mutant trichomes (Walker et al., 2000) . Given the absence of multicellular trichomes in fzr2 mutants, we favor an increase in cell number due to proliferation by 2C cells, followed by further endoreduplication to 4C and sometimes 8C.
The cause of the extra proliferation is not clear, but several explanations should be considered. First, it could be that FZR2 normally functions early in leaf growth to switch cells from proliferation to endoreduplication. If this were the case, the early endocycles of fzr2-1 could instead be mitotic cycles, and perhaps FZR1 or FZR3 would trigger the later endocycles. From the cell theory perspective, the cells might have a certain number of total cycles (or developmental window of cycling) and the shift toward mitotic cycles would be at the expense of later endocycles. Contrary to this hypothesis, however, is the lack of trichome subdivision despite a reduction of endoreduplication.
Second, FZR2 could be a factor driving later endocycles. Arabidopsis leaf cells proliferate and then endocycle along a basipetal gradient (Donnelly et al, 1999; Beemster et al., 2005) . In fzr2-1 leaves, FZR1 or FZR3 might induce the switch from proliferation to expansion as normal. During the expansion phase, however, some cells would be unable to reach the appropriate sizes and ploidies due to lack of FZR2. It is possible that the defect could be sensed through positional cues, and a proliferation signal could be Finally, a study using 35S:ANT transgenic Arabidopsis showed that cell over-proliferation does not necessarily lead to reduced cell size (Mizukami and Fisher, 2000) .
Hence, while none of the hypotheses can be eliminated at this point, the first two seem more likely. Differentiating between them will be difficult, unfortunately, since fzr2-1 growth kinematics would be the same for both. Nevertheless, this study may be the first example of organ developmental compensation via increased cell proliferation to attain a normal leaf size. Decreases in leaf cell volume have been observed in other studies, but in such cases normal organ size was not attained. One such study showed that rot3 leaves had the same number of cells as wildtype, yet these cells were shorter along the proximodistal axis and hence the leaves were shorter (Tsuge et al., 1996) . Similarly, the severity of defects in roots and above-ground organs. Indeed, the steady-state levels of FZR2 transcript were higher in OE I and OE II plants relative to OE III (Fig. 4A,B) .
Similar to the leaf overexpression effects in OE III, we saw a decrease in cell number and an increase in cell size in the petals of AP3::FZR2 plants, although here the organs themselves were much smaller (Fig. 6) . Normally lacking endoreduplication, the petal cells were clearly competent to undergo extensive endocycles upon FZR2 misexpression. The guard-cell size increase was yet another indication that misexpression of FZR2 can induce ectopic endoreduplication (Fig. 5C-F) .
Petal cells can endoreduplicate yet retain petal cell characteristics
The portion of the AP3 promoter used to drive FZR2 expression in petals and stamens has been shown to direct expression in the floral meristem prior to the appearance of both petal and stamen primordia (Jack et al., 1992; Hill et al. 1998 ). (Weingartner et al., 2004; Serralbo et al., 2006) . It is remarkable that these giant petal cells retain petal cone cell characteristics (e.g., ridges and conical shapes, Supplemental Fig. S1B ), despite the severe perturbation to their developmental program.
More normal organ morphology was seen for transgenic stamens, although there was an increase in both cell size and number.
Our results show that with the loss of FZR2 function, endoreduplication cycles past 8C are infrequent. In petals, expression of FZR2 led to de novo endoreduplication, yet the enlarged cone cells retained tissue characteristics. In conclusion, we have shown that FZR2 is a regulator of cell growth and endoreduplication, and we have provided data that support the presence of a morphological compensation mechanism that allows plant organs to compensate for reduced cell size by increasing proliferation.
MATERIALS AND METHODS
Gene nomenclature
The FZR gene family includes FZR1 = At4g11920; FZR2 = At4g22910; and FZR3 = At5g13840.
We refer to these genes using the FZR 3-letter symbol as per the conventions set out by the Arabidopsis research community (www.arabidopsis.org), to replace the previously used non-standard symbols for these genes, as follows: FZR1 = CCS52A2; FZR2 = CCS52A1; FZR3 = CCS52B (Cebolla et al., 1999) .
Plant material and growth conditions
All Arabidopsis thaliana alleles were derived from the Columbia ecotype. Two T-DNA insertions into the At4g22910 locus (FZR2) were acquired from the ABRC: SALK_083656 (fzr2-1) and SALK_101689 (fzr2-2). Insertion lines were back-crossed into the Columbia-0 accession 3 times to eliminate secondary mutations. Primers used for genotyping are listed in Supplemental Table   SI . In vitro plant culture was performed on half-strength Murashige and Skoog medium (MP Biomedicals, Solon, OH), supplemented with 0.9% sucrose and 1% agar, and adjusted to pH 5.8. Aliquots of RT-PCR reactions were drawn at 5-cycle intervals to ensure timing of linear phase.
qRT-PCR runs were performed on RNA extracted from the blades of fifth leaves of wildtype at two-day intervals, or from whole plants of wildtype and OE classes 5 days after germination using a MyiQ iCycler (Bio-Rad, Hercules, CA) with SYBR Green PCR Master Mix (TOYOBO, Osaka, Japan). The following program was used: melting step of 95°C for 3 mins, then 45 cycles of 95°C for 30 secs and 60°C for 30 secs. UBIQUITIN10 was used to normalize expression in qRT-PCR analyses. These qRT-PCR assays were repeated twice.
Genetic constructs and plant transformation
Genetic constructs were created using the pCAMBIA 1300 binary vector as the backbone. These constructs were introduced into Agrobacterium tumefaciens, strain GV3101, and the resulting strains were used to transform Arabidopsis by the floral dip method (Clough and Bent, 1998).
Resin-embedded sectioning
For fixation, tissue was vacuum-infiltrated with ice-cold FAA solution (50% ethanol, 5% glacial acetic acid, 10% formalin, 35% water) for 15 mins and incubated at 4°C for 3 hours. The tissue was dehydrated in a series of ethanol solutions: 50%, 70%, 80%, 90%, and 100%, for at least 15 embedded in fresh resin plus hardener in 0.2 mL plastic PCR tubes. Embedded tissue was allowed to cure for at least 1 week at 4°C before being mounted and sectioned. 7-μm thick longitudinal sections were cut through tissues using a Leica RM2145 microtome.
Confocal and environmental scanning electron microscopy
For confocal imaging of root tissue, fresh plate-grown roots were immersed in 10 μg/mL propidium iodide for 1 min, washed briefly, and immediately scanned using a Zeiss LSM 510 META laser scanning confocal microscope (Zeiss, Thornwood, NY) equipped with a HeNe 543 nm, 5 mW laser. For environmental scanning electron microscopy, an FEI QUANTA 200 ESEM (FEI Company, Hillsboro, OR) was used on unfixed material, at 0.93 torr, 3.0 spot size and 25 mV voltage.
Ploidy, cell size, and nuclear size measurements
In situ nuclear DNA content measurements were performed on the fourth true leaves of 3-week old plants. Leaves were fixed in 3:1 ethanol to acetic acid and 1 mM MgCl 2 , then cleared for 12-14 h in 95% ethanol containing 1 mM MgCl 2 . Nuclei were then washed twice for 15 mins with PBS buffer containing 1 mM MgCl 2 , stained with 1 μM 4'-6-Diamidino-2-phenylindole (DAPI) in PBS + 1 mM MgCl 2 for 15 mins, and again washed thrice for 15 mins in PBS + MgCl 2 .
An average of 7 stained trichome nuclei and nearby guard cell nuclei from each fourth leaf of 10 fzr2-1 and 10 Columbia-0 wildtype plants were visualized through an Olympus BX60 epifluorescence microscope, using a cooled CCD camera (Cascade Photometrics, Tucson, AZ, USA). The same exposure time was used for all images. Images were cropped and converted to grayscale using Adobe Photoshop 7.0. The light outputs of individual trichome and guard-cell nuclei were analyzed with ImageJ (http://rsb.info.nih.gov/ij/), using a protocol similar to that of Szymanski and Marks (1998) . Modifications included comparing the fluorescence of trichome nuclei only to guard cell nuclei within the same Z-series. For measurement of root nuclei, whole roots were stained with DAPI and nuclei were imaged according to the above protocol. We measured 46 wildtype, 22 OE III, and 24 OE I root nuclei. Only cortex cell nuclei were measured, because this was the easiest cell layer to identify.
Cell external surface area measurements were obtained via ESEM micrographs of fresh tissue from fifth leaves at 500x magnification. 7 plants from each genotype were used and cell numbers (n) were 180, 60, 131, and 279, for OEI, OE III, wildtype, and fzr2-1, respectively. The midvein. Cell areas were measured in ImageJ, tracing by hand using a Graphire drawing pad (Wacom Co. Ltd., Kita Saitama-Gun, Saitama, Japan).
Flow cytometry
The fifth leaf of 6 3-week old plants for each genotype was bisected just above the petiole. Each leaf was chopped continuously by hand, using a fresh razor blade, for 5 mins while immersed in PI chopping buffer (1 mM MgSO4, 15 mM KCl, 5 mM HEPES, 1 mg/mL DTT and 100 μg/mL propidium iodide (PI)). The resulting liquid was passed through a 40 μm nylon mesh to remove cellular debris. After 20 to 60 mins of incubation on ice, the suspensions were run through a FACSCalibur flow cytometer (BD, San Jose, CA). 10,000 flow cytometric events were recorded.
The output was gated to eliminate signal from chloroplasts and debris. 
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